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ABSTRACT
We present evolutionary tracks of binary systems with high mass companion stars
and stellar-through-intermediate mass BHs. Using Eggleton’s stellar evolution code,
we compute the luminosity produced by accretion from the donor during its entire
evolution. We compute also the evolution of the optical spectrum of the binary sys-
tem taking the disc contribution and irradiation effects into account. The calculations
presented here can be used to constrain the properties of the donor stars in Ultra-
luminous X-ray Sources by comparing their position on the HR or color-magnitude
diagrams with the evolutionary tracks of massive BH binaries. This approach may
actually provide interesting clues also on the properties of the binary system itself,
including the BH mass. We found that, on the basis of their position on the color-
magnitude diagram, some of the candidate counterparts considered can be ruled out
and more stringent constraints can be applied to the donor masses.
Key words: galaxies: M81, NGC1313, NGC4559, Holmberg II — X-rays: binaries
— X-rays: galaxies
1 INTRODUCTION
Point like off nuclear X-ray sources with luminosities well in
excess of the Eddington limit for a stellar mass black hole,
have been discovered in a large number of nearby galaxies
(e.g. Colbert & Ptak 2002; Swartz et al. 2004; Liu & Breg-
man 2005). These Ultraluminous X-ray Sources (ULXs) are
too dim to be low luminosity AGNs and too bright to be
normal X-ray binaries (XRBs) emitting below the Edding-
ton limit. In this paper we define a ULX as a source with
bolometric luminosity in excess of the Eddington limit for
a stellar mass black hole of 20M⊙ and less luminous than a
few 1041erg/s. This definition implies that a Galactic XRB
radiating isotropically at or below the Eddington limit can
not be a ULX.
In spiral or starburst galaxies ULXs turn out to be asso-
ciated with star forming regions, emission nebulae and stel-
lar clusters (Zezas et al. 2002, Pakull & Mirioni 2002). These
facts along with, in some case, the detection of stellar optical
counterparts (Roberts et al. 2001; Goad et al. 2002; Liu et al.
2002; Liu et al. 2004;Kaaret, Ward & Zezas 2004;Zampieri
et al. 2004; Kaaret 2005; Mucciarelli et al. 2005; Mucciarelli
et al. 2007; Soria et al. 2005) strongly indicate an associa-
tion between ULXs and young massive stars, although the
nature of the accreting compact object remains unclear.
A certain number of ULXs, however, appear as isolated
X-ray sources with no obvious counterpart at any wave-
length (Soria & Motch 2004) and without a clear associ-
ation with star forming regions or emission nebulae. Some
low-luminosity ULXs may possibly be present also in ellip-
tical galaxies (Jeltema et al. 2003), but their nature and the
actual evidence for their existence is not well established (see
e.g. Irwin, Bregman & Athey 2004, Arp, Gutie´rrez & Lo´pez-
Corredoira 2004, Gutie´rrez & Lo´pez-Corredoira 2005).
The nature of the ULXs in spiral galaxies is less con-
troversial. Different models have been proposed to explain
the large luminosities reached by these sources. One of the
favored models consists of an intermediate mass black hole
(IMBH) with a mass in the range 102 − 103M⊙, accreting
from an high mass donor star. The presence of an IMBH
can account for most of the observational properties of
ULXs in a rather straightforward way. For instance, the
observed cool disc spectra of some ULX can be explained
with the fact that the innermost stable circular orbit of an
IMBH is larger than that of a stellar mass black hole (e.g.
Miller, Fabian Mˆiller 2004). The detection of a ∼50-160 mHz
quasi periodic oscillations in the power density spectrum
of M82 X-1 and NGC5408 X-1 (Strohmayer & Mushotzky
2003, Fiorito & Titarchuk 2004, Mucciarelli et al. 2006;
Strohmayer et al. 2007), the very high luminosity of some
ULXs (∼ 1041 erg s−1) along with their cool discs, and the
energy content and morphology of the nebulae around some
of them (Pakull & Mirioni 2002) all suggest an IMBH inter-
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pretation. The main problem with this interpretation resides
in the formation mechanism of such an extreme object. In
fact, if IMBHs with masses in excess of ∼ 100M⊙ exist, they
will require a new formation root with respect to the stel-
lar black holes in our Galaxy and to the supermassive black
holes in Active Galactic Nuclei. Until now two scenarios have
been proposed to form a black hole in the intermediate mass
range: the runaway collision of massive stars in dense open
clusters (Portegies Zwart et al. 2004, Gu¨rkan et al. 2004) and
the primordial collapse of a very high mass star with zero
metallicity (Abel et al. 2000, Madau & Rees 2001). Both
the mechanisms however suffer of a certain degree of uncer-
tainty related to the incomplete knowledge of the behavior
of very massive stars. Therefore we have no final evidence
that an IMBH can really form. Furthermore, the interpreta-
tion of the soft components observed in some ULXs in terms
of cool accretion discs is not univocal (e.g. Clark et al. 2005,
Dewangan et al. 2005, Roberts et al. 2005, Feng & Kaaret
2006, Gonc¸alves & Soria 2006, Stobbart et al. 2006).
Other interpretations in terms of stellar (or quasi-
stellar) mass black holes have been proposed. A mechanical
(King et al. 2001) or a relativistic beaming (Ko¨rding, Falcke
& Markoff 2002) can reproduce the observed luminosities of
ULXs up to a few 1040 erg s−1 with a beaming factor around
∼ 10. At most, as suggested by King & Dehnen 2005, accre-
tion from helium rich matter from a geometrically thick disc
can generate luminosities up to ∼ 5×1040 erg s−1. However,
luminosities in excess of 5× 1040 erg s−1 (∼ 5% of the ULX
population) and the isotropy of the ionized nebulae around
some ULXs can not be easily explained in terms of beaming
models. On the other hand, photon bubbles disc instabil-
ities (Begelman 2002, Begelman 2006) and emission from
a slim disc (Watarai, Mizuno & Mineshige 2001, Ebisawa
et al. 2003) can produce genuine isotropic super-Eddington
luminosities around 10 times the Eddington limit.
As shown by Rappaport et al. (2005), a normal binary
with a stellar mass black hole and a donor star with ini-
tial mass >∼10M⊙, can in principle explain a large sample of
ULXs if a super Eddington luminosity around 10 is allowed
(see also Podsiadlowski et al. 2003). However, the typical
temperature of a slim disc in this regime (∼ 1–2 keV) is
inconsistent with the observation of some cool disc sources
which are, at the same time, the most luminous ULXs. Fur-
thermore, luminosities in excess of a few 1040 erg s−1 are not
attainable with slim discs around stellar mass black holes.
On the other hand, the photon bubble instability model
makes no predictions on the observable accretion disc tem-
perature and therefore cannot be compared directly with
observations.
Thanks to the high precision astrometry of the Chan-
dra X-ray observatory, we know that some ULXs have op-
tical counterparts which match with the X-ray source posi-
tion (Liu et al. 2002, Liu et al. 2004, Zampieri et al. 2004,
Kaaret, Ward & Zezas 2004, Soria & Motch 2004, Kaaret
2005, Mucciarelli et al. 2005; Mucciarelli et al. 2007, Liu et
al. 2007). Most of them are suspected to be main sequence
(MS) high mass stars or supergiant stars of uncertain spec-
tral type. The ambiguity arises because, until now, optical
spectra of these stars either are not available, or they are too
noisy and with peculiar spectral features (Liu et al. 2004),
or there is more than an optical counterpart in the X-ray
error box (Soria & Motch 2004, Mucciarelli et al. 2005).
In this paper, we present the evolutionary tracks of bi-
nary systems with high mass companion stars and stellar-
through-intermediate mass BHs and compare them with the
properties of the donor stars in ULX binary systems. In
§2 we present the model adopted to evolve the binary sys-
tem. In §3, we summarize the properties of the four ULXs
considered and their optical counterparts. Our results are
presented in §4 and compared with the properties of ULX
counterparts in §5. Conclusions follow in §6.
2 MODEL
We consider a binary system with a stellar mass BH (10
M⊙) or an IMBH (& 100M⊙) and a companion star that is
orbiting around it and eventually transferring matter onto
it. The evolution of the binary is computed using an up-
dated version of the Eggleton code (Eggleton 1971; Pols et
al. 1995). The calculation follows that presented in Patruno
et al. (2005). We assume a Population I chemical composi-
tion (Y=0.28, Z=0.02) and allow for non-conservative stellar
evolution, taking into account wind loss from luminous stars
(de Jager et al. 1988). The adopted mixing length param-
eter and overshooting constant are α = 2.0 and δov = 1.2,
respectively (Pols et al. 1998). Loss of angular momentum is
also accounted for through emission of gravitational waves
(see e.g. Landau & Lifshitz 1975) and particles in winds
(Soberman, Phinney & van den Heuvel 1997).
If accretion occurs via Roche-lobe overflow (RLOF), we
assume that an accretion disc will form. In this work we
adopt an efficiency η = 0.1 for the conversion of gravita-
tional potential energy into radiation in a disc. The bolo-
metric luminosity of the X-ray source is L = ηM˙c2, where
M˙ denotes the average mass transfer rate from the donor as
computed from the numerical code.
In case accretion occurs via mass loss from a stellar
wind (wind-fed accretion; WFA), the situation is somewhat
different if one considers stellar mass BHs or IMBHs, as the
latter are bigger and have a stronger gravitational potential
well. Hence, owing to the larger gravitational capture radius,
a comparatively larger fraction of the wind emitted by the
donor star can be captured at corresponding orbital separa-
tions. Furthermore, a large fraction of the accreting particles
have a significant orbital angular momentum. This might be
sufficient to form an accretion disc even in a wind-fed system
with a IMBH, although further investigations are required to
completely understand the geometry of these discs. In the
following we will limit our analysis only to WFA systems
with IMBHs. For the WFA model we adopt a modified ver-
sion of the RLOF model, adding an equation to compute the
WFA accretion rate (as described in Patruno et al. 2005).
An accretion disc is assumed to form also in this case but,
unless the donor is very massive (>∼60M⊙, not considered in
this work), the accretion rate is essentially negligible.
2.1 Initial orbital separation
The evolution of a binary system containing a BH/IMBH de-
pends on the initial orbital separation. The companion star
can fall in three different zones, defined in terms of the zero-
age/terminal-age main sequence (ZAMS/TAMS) radius of
the donor RZAMS/RTAMS, the tidal radius of the system
c© 0000 RAS, MNRAS 000, 000–000
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RT and the Roche lobe radius of the companion RL. The
expressions of these radii are (Eggleton 1983, Demircan &
Kahraman 1991):
RZAMS =
(
M
M⊙
)0.57
R⊙ (1)
RTAMS = 1.6
(
M
M⊙
)0.83
R⊙ (2)
RT =
(
MBH
M
)1/3
R (3)
RL =
0.49q2/3a
0.6q2/3 + ln(1 + q1/3)
, (4)
where M and R refer to the donor star, MBH is the black
hole mass, q = M/MBH is the mass ratio, and a is the orbital
separation.
In a reference frame centered on the BH/IMBH, the
first zone lies between a = 0 and a ∼ RT. If the companion
star enters in the first zone, it is disrupted by the strong
tidal forces of the BH, likely resulting in an outburst of short
duration (Rees 1988, Ulmer 1999, Ayal, Livio & Piran 2000).
This possibility is not considered in the present work.
The second zone is defined as the interval of orbital
separations where the stellar surface can reach contact with
the Roche lobe radius RL sometime during MS. In the fol-
lowing we will refer to the binaries whose donor falls in the
second zone as “case A” systems. In order for the initial or-
bital separation to be in this range, either the companion
star is tidally captured by the BH/IMBH (Hopman, Porte-
gies Zwart & Alexander 2004, Baumgardt et al. 2006) or the
binary system undergoes an exchange interaction with an-
other star (Baumgardt et al. 2004, Alexander & Livio 2004,
Blecha et al. 2006).
If the initial orbital separation a is such that RL >
RTAMS, the companion is in the third zone. In this zone,
mass transfer occurs through RLOF only when the donor is
in the H-shell phase (case B) or during the He-shell burn-
ing (case C). If the star falls in this zone, during the main
sequence the only possible accretion mechanism is the grav-
itational capture of wind particles. WFA IMBHs systems
can reach ULX luminosities even if the orbital separation
is a few astronomical units, thanks to the enhanced grav-
itational focusing effect of the IMBH. However, for larger
separations, the source is fainter and has a mean luminosity
typical of bright Galactic XRBs (see Patruno et al. 2005 for
an extended discussion). If the initial separation is very large
(usually several tens of astronomical units), neither RLOF
nor WFA are possible, and the system evolves essentially as
a detached, non-interacting binary.
2.2 Stability of the accretion disc around an
IMBH
The accretion disc around a BH is steadily fueled if the
mass transfer rate from the donor exceeds the critical mass
transfer rate (Dubus et al. 1999):
M˙cr = 2.4 · 10
−6
(
MBH
102 M⊙
)1/2(
M
15M⊙
)−0.2
×
(
MBH +M
102 M⊙
)−0.7(
a
1AU
)2.1
M⊙ yr
−1 (5)
The critical mass accretion rate given above takes already
into account the stabilizing effect of the increase in temper-
ature due to the disc self-irradiation. In our model, all the
IMBH systems accreting through RLOF turn out to be per-
sistent if the donor mass is higher than ∼ 10M⊙, in agree-
ment with the findings of Portegies Zwart, Dewi & Mac-
carone (2004) and Patruno et al. (2005). For a stellar mass
BH the stability of the disc is guaranteed down to donor
masses ∼ 5M⊙.
Assuming that equation [5] holds also for WFA discs
around IMBHs, thermal instabilities are likely to arise. In
fact, the mass transfer rate in WFA systems is smaller than
that in RLOF systems. All the IMBH WFA systems with
a donor star lighter than 30M⊙ might experience transient
accretion (Patruno et al. 2005). Stars heavier than 30M⊙
likely produce a transient phase during the early MS (when
the mass transfer rate is small) and a persistent phase during
the late MS (when the mass transfer is higher than the crit-
ical mass transfer rate). So we expect rapid outbursts and
quiescent states (similar to those observed in Galactic tran-
sient XRBs) in low mass companion WFA systems and, in
general, during the early evolution of WFA systems. The re-
currence time and duty cycle are difficult to estimate. As in
a dynamical exchange interaction it is highly probable that
the companion star falls in the third zone, WFA systems
might be rather common. Thus, a significant population of
IMBH binaries that appear as transient ULXs or even tran-
sient XRBs might exist in external galaxies or even in our
own galaxy. Some sources of this transient ULX population
start to be identified (e.g. Feng & Kaaret 2007).
2.3 X-ray reprocessing in ULXs
An important effect to consider when assessing the proper-
ties of ULX counterparts is the possible strong optical-UV
contamination caused by the emission of the accretion disc
itself and, in case of isotropic emission, also by the repro-
cessed X-ray radiation. The main reprocessing sites are the
outer part of the accretion disc and the donor surface. We
follow the evolution of the optical luminosity and colors of
the binary system taking irradiation effects into account.
Our calculation relies on the same assumptions dis-
cussed in Copperwheat et al. (2005) and Mucciarelli et al.
(2007). More specifically, a standard Shakura-Sunyaev disc
(e.g. Frank, King & Raine 2002) is assumed and both the
X-ray irradiation of the companion and the self-irradiation
of the disc are accounted for. However, in order to keep our
treatment simple, the companion star is taken to be spher-
ical and at uniform temperature, neglecting the effects pro-
duced by the Roche lobe geometry and also those related
to the (possible) deformation induced by radiation pressure.
We adopt a simplified description of radiative transfer for
the interaction of the X-rays with the disc and donor surfaces
(a X-ray illuminated plane-parallel atmosphere in radiative
equilibrium) and do not include limb and gravity darken-
ing. The shadowing of the disc on the star is continuously
monitored during the whole evolution and never overcomes
∼ 15%.
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The computed luminosity and colors depend on the
masses of the donor and BH, the binary period (or orbital
separation), the accretion rate and the (unirradiated) tem-
perature of the donor, in addition to the inclination angle
i and the orbital phase φ that are kept fixed at cos i = 1
(disc face-on) and φ = 0 (superior conjunction). The ac-
cretion efficiency and the albedo of the donor surface lay-
ers were chosen to be 0.17 and 0.9 respectively. Follow-
ing Copperwheat et al. (2005), we took the hardness ratio
ξ = FX(< 1.5 keV)/FX (> 1.5 keV) = 0.1. The absorption
parameters in the same two spectral bands were selected as
ks = 2.5 and kh = 0.01. The R, V and B magnitudes of
the (irradiated) disc plus donor have been computed using
the output values of the parameters provided by the binary
evolution code. In particular, the accretion rate is instan-
taneously taken to be equal to the mass transfer rate from
the companion. When the accretion rate overcomes M˙Edd,
we impose M˙ = M˙Edd and assume that the excess mass is
expelled from the system.
3 ULXS WITH OPTICAL COUNTERPARTS
The purpose of our work is to provide a tool for comparing
the observational properties of ULXs with identified opti-
cal companions with those predicted for the donors of our
BH/IMBH binary model. As reference cases, we consider
four ULXs for which sufficient information on the optical
counterparts are available to allow a meaningful comparison.
They are: NGC1313 X-2 (Miller et al. 2003, Zampieri et al.
2004, Mucciarelli et al. 2005; Mucciarelli et al. 2007, Liu et
al. 2007), Holmberg II X-1 (Dewangan et al. 2004, Kaaret,
Ward & Zezas 2004), NGC4559 X-7 (Cropper et al. 2004,
Soria et al. 2005) and M81 X-9 (Miller, Fabian Mˆiller 2004).
None of the ULXs considered have a unique optical coun-
terpart. In the case of NGC1313 X-2, there are two optical
counterparts in the Chandra error box, identified on VLT
and HST images. Photometry and modeling of the donor
emission are consistent with the following interpretation: an
early B MS star of 10−20M⊙ and a red/yellow supergiant of
10M⊙ (Mucciarelli et al. 2005, Mucciarelli et al. 2007). For
the three other ULXs, only optical photometry is available,
and the nature of the donor star is still uncertain.
Fits of the X-ray spectra of these ULXs have been
carried out by several authors. Parameters of the best fit
obtained with different models are listed in Table 1 and
are used to obtain an estimate of the total X-ray lumi-
nosity of the system, extrapolating the flux in the energy
range 0.05 − 20 keV using the web interface to PIMMS
(WebPIMMS v. 3.9c). For M81 X-9 we adopt the bolometric
luminosity reported by Miller, Fabian Mˆiller (2004).
Finally, we briefly summarize the main properties of
the optical counterparts of the four ULXs considered in this
work. All the spectral classifications and mass estimates re-
ported below are rather uncertain and assume that the donor
can be treated as if it were a single star. In addition, ex-
cept for NGC1313 X-2, contamination of the optical emis-
sion from the accretion disc and X-ray irradiation at the
donor surface are not accounted for.
• NGC4559 X-7 (Cropper et al. 2004, Soria et al. 2005):
six stars fall inside and two more counterparts are slightly
outside the Chandra error box of this ULX. The most lumi-
nous is a blue object with properties consistent with a main
sequence star of ∼ 20M⊙ (Copperwheat et al. 2005). Using
color-magnitude diagrams based on the Geneva tracks, Soria
et al. (2005) suggest that the colors of the six counterparts
inside the error box are consistent with donors with mass
between 9 and 25M⊙.
• NGC1313 X-2 (Zampieri et al. 2004, Mucciarelli et al.
2005; Mucciarelli et al. 2007; Liu et al. 2007): two objects,
C1 and C2, are present inside the Chandra error box of
this source having spectral type consistent with an early
B MS star of ∼ 10–18M⊙ or a G supergiant of ∼ 10M⊙,
respectively (Mucciarelli et al. 2005; Mucciarelli et al. 2007).
Liu et al. (2007) find that the spectral energy distribution
of object C1 is consistent with either a ∼ 8M⊙ star of very
low metallicity or an O spectral type, solar metellicity star
of ∼ 30M⊙.
• Holmberg II X-1 (Dewangan et al. 2004, Kaaret,
Ward & Zezas 2004): as other ULXs, this source is embed-
ded in a ionized nebula (Pakull & Mirioni 2002). A star
with color B − V and optical magnitude consistent with a
O4−O5V or B3Ib spectral type falls inside the X-ray error
box. The corresponding mass is, respectively, >∼60M⊙ for a
MS donor and ∼ 20− 25M⊙ for a supergiant.
• M81 X-9 (Miller, Fabian Mˆiller 2004): this source is
fully embedded in a ionized nebula inside the dwarf compan-
ion galaxy of M81, Holmberg IX (Pakull & Mirioni 2002).
Inside the X-ray error box there is a blue luminous star with
magnitude B = 22.1 that, at a distance of 3.4 Mpc, corre-
sponds to an absolute magnitude B = −5.6, consistent with
a 60M⊙ MS star of spectral type O5V or a B2Ib supergiant
with mass ∼ 20− 25M⊙.
4 INTRINSIC OPTICAL EMISSION FROM
MASSIVE DONORS IN BINARIES
In the following we present the evolutionary tracks of bi-
nary systems with high mass companion stars and stellar-
through-intermediate mass BHs. The results of this compu-
tation will be compared with the observed properties of ULX
systems in the next Section. The calculation has been carried
out adopting the model described in Section 2 and using a
modified version of the Eggleton code (Patruno et al. 2005).
We focus on the modeled optical properties of massive (10–
50M⊙) donor stars in binaries during mass transfer phases.
The accreting black hole masses are in the range 10–500M⊙.
Binaries with less massive donors (∼ 2–10M⊙) and stellar
mass black holes have been investigated by Rappaport et
al. (2005), while calculations of the evolutionary tracks for
1 − 9M⊙ stars accreting onto stellar BHs and IMBHs are
presently under way.
As shown by Madhusudhan et al. (2006), who evolved
∼ 105 BH binaries to study the production efficiency of ULX
systems, the initial orbital period for triggering a RLOF
phase during MS and originating a significantly large pop-
ulation of active ULXs in binaries with massive donors is
in the range ∼ 1–5 days. We therefore limit our analysis to
a selected number of models with initial parameters having
the values reported in Table 2. The three groups (A, B and
C) are characterized by the different evolutionary phase at
which mass transfer sets in (see also §2.1). For Case A, the
c© 0000 RAS, MNRAS 000, 000–000
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Table 1. Spectral parameters and luminosity of the ULXs considered in this work.
ULX NH kT Γ LX L
a
bol
Modelb source
(1021cm−2) (eV ) (1039erg s−1) (1039erg s−1)
NGC1313 X-2 3.13+0.92
−0.37 200
+40
−50
2.23+0.15
−0.09 3.4 7.0 PL+MCD Zampieri et al. (2004)
Holmberg II X-1 1.4+0.3
−0.03 128
+22
−13
2.40+0.07
−0.08 17 37.7 PL+BB Dewangan et al. (2004)
NGC4559 X-7 4.3+0.9
−1.1 120
+10
−10
2.23+0.06
−0.05 19 36.9 PL+BB Cropper et al. (2004)
M81 X-9 2.3 260+20
−50
1.73 11 27 PL+MCD Miller, Fabian Mˆiller (2004)
aTotal X-ray (0.05–20 keV) luminosity computed using the web interface to PIMMS (ver. 3.9c).
bPL=power-law; MCD=multicolor disc blackbody; BB=blackbody
Figure 1. HR diagram for a 15 M⊙ donor in a binary system
with a black hole of 10 and 100 M⊙ (green-solid and light blue-
dashed line) and evolving as a single star (dark blue-long dashed
line). The red-dotted line is the Geneva track and has been plotted
for comparison. During the binary evolution RLOF sets in during
MS (point A) and originates a qualitatively different track caused
by the donor loosing its envelope onto the BH. Two episodes of
mass transfer occur (segments A–B and C–D). The point B’ refers
to the TAMS and is in the equivalent position of point B in the
binary track. In point E and E’ the donor ignites the He-core.
The tracks end with the He-core ignition for single stars and with
the C-core ignition for binary systems.
bolometric luminosity of the system reaches at least 1040-
1041 erg s−1 (depending on the donor mass) at some stage
during MS. For stellar mass BHs, a suitable degree of beam-
ing needs to be invoked in order to reach similar isotropic
luminosities.
In Figure 1 we show the evolutionary tracks on the HR
diagram of single stars and stars accreting through RLOF
in a binary system. As we want to show the differences be-
tween the evolution of a single star and that in an accret-
ing binary system, we do not include irradiation. The donor
and the single star tracks refers to a 15M⊙ star, whereas the
accretors are a 10M⊙ BH and an IMBH of 100M⊙. When
RLOF sets in (point A), the track of a star in a binary starts
to diverge from that of a single star. For the models shown
in Figure 1, this occurs during MS. The luminosity starts to
decrease with time as the decrease in surface temperature
is not accompanied by a corresponding increase in radius
(which is limited by the Roche lobe). Thus, during MS (seg-
ment A–B), a single star is generally more luminous than
a star of the same mass in a binary system. The temper-
ature and luminosity of a MS star in a binary system are
more similar to those of a less massive star. This may lead
to misinterpret a real MS star with one that is crossing the
Hertzsprung Gap, causing uncertainties (up to 2− 5M⊙ for
a 15M⊙ star) in the estimate of the donor mass. The system
detaches in point B after an accretion phase of ∼ 107 yrs,
very close to the terminal age main sequence.
During the H-shell burning the envelope of the star ex-
pands and the binary starts a new episode of mass transfer
lasting 104–105 yrs (segment C–D). The system widens be-
cause of the large amount of material that is rapidly trans-
ferred from the secondary to the BH. As a consequence,
the RL increases significantly and, despite the star becomes
cooler, the luminosity increases. While during this phase
single stars simply move to the right of the HR diagram,
becoming progressively colder and undergoing core contrac-
tion and envelope expansion (Hertzsprung Gap and Giant
branch), stars in binary systems do not cool so much and
show a lower luminosity (by a few tenth of magnitude) than
single stars of the same mass at a corresponding evolutionary
phase. At a certain phase during H-shell burning (point D),
all the H envelope is accreted and what is left of the star
(the helium core) contracts causing the binary to detach.
From point D to carbon core ignition, the donor remains
always in a detached phase. At point E the He-core ignites
(LHe/LH > 10) and the evolution becomes extremely fast
with the track stopping after the onset of C-core burning.
Figure 1 shows also the evolutionary track for a donor
accreting onto a 100M⊙ BH starting the contact phase when
the radius of the companion is comparable to the 10M⊙ BH
case. The overall evolution is similar to the stellar mass BHs,
apart from the fact that stars accreting onto an IMBH are
more luminous. This is a consequence of the fact that, while
the surface temperature remains essentially comparable at a
corresponding evolutionary phase, the RL of the donor (and
therefore its radius during the contact phase) grows more
rapidly in an IMBH binary then in a stellar BH system (see
Figure 2).
An important observational diagnostic for stars is rep-
resented by the color-magnitude (CM) diagram. The CM
diagram of a 15 M⊙ donor accreting onto a 10 and 100
c© 0000 RAS, MNRAS 000, 000–000
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Table 2. Initial parameters for ULX binary systems. Case A refers to binaries where the donor starts the first Roche lobe contact phase
during MS, while case B and C refer to donors starting RLOF during the H-shell or He-shell burning phase, respectively. The first and
second columns are the initial donor and accretor masses, while the third column is the initial orbital period of the binary system.
Case M(M⊙) MBH (M⊙) Initial Porb (days)
A 10,15,30,50 10,100,500 1-2
B 10,15,30,50 10,100,500 5-15,400-500
C 10,15,30,50 10,100,500 800-1000
M⊙ BH is reported in Figure 3 and Figure 4. The tracks
calculated for single stars differ in a relevant way with re-
spect to those of a Case A binary that starts mass transfer
during MS, as the cold branch that is covered in the CM
diagram during the post giant phase is absent. The notation
is the same used in the HR diagram. Therefore, the contact
phases correspond to the segments A–B (MS) and C–D (H-
shell burning). After point D the system detaches and the
star turns back on the CM diagram, following backwards
the same path crossed during the H-shell contact phase and
the MS. This behavior is strictly related to the evolution of
the donor after MS discussed above.
Figure 3 and Figure 4 also show how the tracks modify
after including the optical emission of the X-ray irradiated
accretion disc and donor surface. When mass transfer sets in
at point A, the evolution of the irradiated system detaches
from the non-irradiated one, as irradiation is enhancing both
the observed star luminosity and effective temperature. For
a large part of the evolution, at corresponding evolutionary
times, the track of the X-ray irradiated system is shifted
towards the blue by ∼ 0.1 − 0.2 magnitudes, while show-
ing a comparable increase in the V magnitude. Only when,
close to the end of the second mass transfer episode (point
D in Figures 1 and 2), the system is very wide and starts
to detach, irradiation becomes negligible and the donor lu-
minosity dominates, making the tracks essentially coinci-
dent. After point D the absence of any contact phase pre-
vents the occurrence of bright X-ray emission as only a very
weak WFA stage is possible. Therefore, after point D the
two tracks coincide. For illustrative purposes alone, in or-
der to show the maximum contribution induced by X-ray
irradiation, we assume that all the donor wind is somehow
accreted. So, the second track in Fig. 3 and 4 accounts for
X-ray illumination also after point D1.
5 PROPERTIES OF THE ULX
COUNTERPARTS
The calculations presented in the previous Section can be
used to constrain the properties of the donor stars in ULX
systems by comparing their position on the HR or CM dia-
grams with the evolutionary tracks of massive BH binaries.
This approach may actually provide interesting clues also
on the properties of the binary system itself, including the
BH mass.
5.1 Case A mass transfer
In Figures 5 and 6 we show the position in the CM dia-
gram of the proposed counterparts of the four ULXs consid-
Figure 2. Evolution of surface temperature and radius for a
15M⊙ donor around a 10M⊙ (black-solid line) and a 100M⊙
(blue-dashed line) black hole. The red square marks the onset of
the contact phase during MS. The two binaries have the same pa-
rameters of those shown in Figure 1. We note that the lifetime of
a donor undergoing a case A mass transfer is slightly longer than
the MS lifetime of the corresponding single star (106 − 107 yrs)
because the nuclear burning timescale is slightly increased as a
consequence of the mass lost during mass transfer.
ered, along with the evolutionary tracks of irradiated donor
stars in binary systems undergoing a case A mass transfer
with optical contamination from the disc. The tracks are
plotted only during the contact phases (e.g. A-B, C-D) as
only during these phases, the ULX is active. In the stel-
lar mass BH case, we assume that the total isotropic lumi-
nosity is Eddington-limited. If the accretion rate becomes
super-Eddington, we set M˙ = M˙Edd and the excess mass is
expelled from the system. We plotted for comparison also
the track of a non-irradiated, single star of 15M⊙.
5.1.1 Differences between stellar BH and IMBH systems
Comparing Fig. 5 and 6 it is readily clear that, at corre-
sponding stages, the V magnitude of an IMBH binary is
smaller by ∼0.5 mag (i.e. the luminosity higher by a factor
∼1.5) than that of a stellar BH binary. The main reason
for this difference stems from the larger contribution to the
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Figure 3. CM diagram for a 15 M⊙ donor accreting on a 10 M⊙
BH. The blue-solid line is the CM diagram for a non-irradiated
star, while the red-dotted line takes into account both the X-ray
irradiation of the stellar surface and the optical contribution of
the accretion disc. The two tracks share the initial part of the
curve (from ZAMS to point A), as no irradiation is present at
this stage. Mass transfer sets in at point A. The contact phase
ends in point B (and B1), very close to the terminal age main
sequence. In point C (C1) the star is burning its H-shell and a
new contact phase begins lasting up to point D (D1). In point
E (E1) the star begins He core burning. After point D (D1) no
other contact episodes occur throughout the evolution.
optical emission coming from the irradiated accretion disc
around an IMBH and from the intrinsic larger luminosities
of donors around IMBH (see Fig.1). Assuming a fixed orbital
separation and a standard tidal truncation scenario with the
accretion disc radius RD ∼ 70%RL, two binaries with mass
ratios q = 0.1 and q = 1 have RD,q=0.1/RD,q=1 ∼ 2. Since
for an IMBH binary q <∼ 0.1, whereas a stellar BH binary
has q ∼ 1, disc contamination will always be larger in the
IMBH case. Evolving a binary with a larger IMBH (500M⊙),
we found only second order differences with respect to the
tracks of a binary with a 100M⊙ IMBH, as the Roche lobe
radius is nearly the same.
A major difference between the stellar BH and IMBH
concerns the possible presence of beamed emission. In or-
der to emit apparent isotropic luminosities of <∼10
40 erg s−1
without seriously violating the Eddington limit, a stellar
mass BH binary must find a way to collimate its emission.
For a beaming factor ∼0.1, both the disc and donor irradi-
ation are strongly reduced as the X-rays can not intercept
the outer disc and stellar surfaces. Then, the tracks on a CM
diagram will be more similar to those of a non-irradiated sys-
tem. However, as shown in Fig.3, the differences in the colors
and magnitudes between an irradiated and a non-irradiated
system during the contact phases are small (∼ 0.1 mag for
the stellar BH and ∼ 0.2mag for the IMBH case) and are
Figure 4. CM diagram for a 15M⊙ donor accreting on a 100M⊙
BH. The labels have the same meaning as in fig. 3. The irradiation
has a stronger effect than in the stellar BH case, giving differences
in magnitudes as high as 0.2 mag on the B-V scale during the main
sequence.
therefore neglected considering the present photometric ac-
curacy .
5.1.2 Optical identification
NGC4559 X-7: as can be seen from Figures 5 and 6, be-
cause of the turnoff occurring during the giant phase, the
candidate counterparts of NGC4559 X-7 labeled 2, 3 and
4 can be immediately ruled out while, for a stellar mass
BH, object 6 is consistent with the colors and luminosity
of the least massive donor considered (∼ 10M⊙). On the
other hand, the point representing objects 1, 5 and 8 over-
lap the evolutionary tracks of stars in binaries with mass
transfer. A MS star with a mass up to 50M⊙ is not consis-
tent with the colors and luminosity of object 1, regardless of
the BH mass. However, during the H-shell burning phase, a
∼50M⊙ star in a stellar mass BH system or a ∼ 30− 50M⊙
star in an IMBH system turn out to be compatible with the
photometric properties of object 1. Considering the other
proposed counterparts, a MS star with a mass smaller than
15M⊙ around a stellar BH can not account for any of them
as, at the end of the MS, the V band magnitude is too small.
Object 5 can be well explained with a MS donor of 15–30M⊙
or a giant of 10–15M⊙ .
NGC1313 X-2: considering the second contact phase in
a stellar BH binary (beyond the starred symbol in Fig. 5),
we find that a donor of ∼15M⊙ undergoing H-shell burning
can account for the colors and magnitude of the candidate
counterpart C1. In case of a IMBH binary, Fig. 6 shows that
a 10-15M⊙ donor is consistent with the properties of object
C1 both on the MS and during H-shell burning. On the other
hand, object C2 can be firmly ruled out as possible counter-
part of the ULX.
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Figure 5. CM diagram for stars of 10, 15, 30 and 50M⊙ (black-
solid, red-dotted, green-dashed, yellow-dot dashed line, respec-
tively) starting mass transfer onto a 10 M⊙ BH during MS (case
A). The blue-dot dashed line is the track of a single non-irradiated
15M⊙, plotted for comparison. The crosses are the photometric
points of the counterparts of NGC 4559 X-7 (1–6, 8), NGC 1313
X-2 (C1, C2), Holmberg II X-1 (Holm II) and M 81 X-9. The
binary tracks are plotted only during the contact phases. The
starred symbol denotes the point where the MS ends and H-shell
burning sets in.
Holmbgerg II X-1: if the accretor is a stellar BH, then
either a star with 15<M<30M⊙ during the H-shell burning
phase or a donor with ∼50M⊙ on the MS can account for
the observed photometric properties of the optical counter-
part. For an IMBH system, the situation is similar, except
that also a 10M⊙ donor is compatible when in the H-shell
burning phase.
M81 X-9: the optical counterpart of this ULX is the faintest
considered in this paper and is compatible only with a
<15M⊙ donor during H-shell burning for a stellar BH or
with a <∼10M⊙ donor on the MS or H-shell burning phase
for an IMBH.
5.1.3 Mass transfer rate
In Figure 7 we show the mass transfer rate in binary systems
undergoing a case A mass transfer onto a stellar BH of 10M⊙
or an IMBH of 100M⊙. The horizontal lines are the X-ray
luminosities of the four ULXs reported in Table 1 and, as
already discussed in §3, should be considered as lower limits
for the bolometric luminosity of each source (which is esti-
mated to be a factor ∼ 2 higher; see Table 1). We note that
these values are indicative as both the sources show a fac-
tor of a few variability and the measurements of the X-ray
fluxes are usually affected by rather large errors.
In the stellar BH case, the mass transfer rate does not
provide any further constraint as the relation between mass
loss and luminosity becomes L bol = M˙η c
2 b where b is the
Figure 6. Same as Figure 5 for a BH of 100 M⊙.
beaming factor whose value is unknown . In the present pa-
per we are considering only standard geometrically thin and
optically thick discs (Shakura-Sunyaev discs) and any gen-
uine isotropic super-Eddington luminosity produced by al-
ternative radiation-pressure dominated discs (e.g. Begelman
2002, Begelman 2006) will give a different optical contami-
nation with respect to that calculated in the present work.
In the IMBH case, the mass transfer rates are very similar
to those of the stellar BH binaries. However we can fur-
ther constrain the donor masses for NGC4559 X-7, as it is
possible to rule out all the MS donors with M<∼30M⊙. For
NGC1313 X-2 a ∼ 15M⊙ donor can give the required M˙
during a certain fraction of its MS lifetime. For Holmberg II
X-1 no further constraints can be obtained, while for M81
X-9 it is possible to rule out the 10M⊙ MS donor, leaving
as unique possibility a 10M⊙ donor in the H-shell burning
phase.
In table 3 and 4 we show all the binaries compatible with
the observed optical counterparts given the combined con-
straints coming from the mass transfer rate and the CM
diagram.
5.2 Case B and C mass transfer
When the donor star starts a case B or C mass transfer, the
evolution of the binary may be completely different with re-
spect to what reported above. If the contact phase sets in
at the beginning of the Hertzsprung Gap, when the donor
radius is still relatively small (e.g. P <∼ 10 days for a 15M⊙
donor), the contact phase is extremely short lived (a few
104 yrs) and M˙ can reach a few 10−5M⊙ yr
−1 (in some cases
up to 10−3M⊙ yr
−1). The tracks on the CM diagram are
similar to those calculated for case A, with a turnoff dur-
ing the H-shell burning at the point where the system be-
comes detached. If the contact phase sets in at the end of the
Hertzsprung Gap (P >∼ 10 days for a 15M⊙ donor) or later
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Table 3. Consistent donor masses for case A mass transfer onto a 10M⊙ black hole. A ’X’ (or the name of the donor when there are
multiple optical counterparts for the same ULX) marks the entry corresponding to a certain donor mass and contact phase (MS or
H-shell). Each donor must satisfy the condition that the track on the CM diagram crosses the optical counterpart.
10M⊙ 15M⊙ 30M⊙ 50M⊙
MS H-shell MS H-shell MS H-shell MS H-shell
NGC4559 X-7 6 5 5 8 8 1
NGC1313 X-2 C1
Holmberg II X-1 X X X
M81 X-9 X
Table 4. As Table 3 but for a 100M⊙ IMBH and with the further constraint on the mass transfer rate. Each donor in the table has a
mass transfer rate high enough to reach at least the observed X-ray luminosity assuming isotropic emission.
10M⊙ 15M⊙ 30M⊙ 50M⊙
MS H-shell MS H-shell MS H-shell MS H-shell
NGC4559 X-7 5 5,8 1,8 8 1
NGC1313 X-2 C1 C1 C1
Holmberg II X-1 X X X X
M81 X-9 X
(case C mass transfer), M˙ is comparable to that of a case
A mass transfer binary during H-shell burning, but now the
donor enters the region of the single giant stars on the CM
diagram and the differences with the case A tracks become
sharp.
In this situation all the previously excluded optical
counterparts of NGC4559 X-7 (objects 2, 3 and 4) become
good candidates, while objects 1, 5, 6 and 8 are ruled out.
In the case of NGC 1313 X-2, both counterparts can be ex-
cluded. In particular, object C2 can be definitively ruled out
as its position is not consistent with any irradiated or non-
irradiated track. Also the counterparts of Holmberg II X-1
and M81 X-9 are not consistent with any case B or C bi-
nary system. Finally, the most massive donors (M>− 30M⊙)
are too bright at this stage to be proposed as candidate
counterparts regardless of the compact object mass.
6 DISCUSSION AND CONCLUSIONS
In this paper we have shown that the effects of the binary
evolution on the optical properties of a donor star in a ULX
binary system can significantly alter its colors and evolution.
We included also the contribution of the optical emission of
the accretion disc and the X-ray irradiation of the donor
and disc surfaces. The evolutionary track of a donor in an
accreting binary on the CM diagram is very different with
respect to that of a single isolated star. These important
differences can not be overlooked when trying to identify the
donor mass of a ULX. We calculated tracks for stellar and
intermediate mass black holes, and demonstrate the brighter
nature of the IMBH as an intrinsic phenomenon produced
by the low mass ratio in the binary.
The photometric data of four ULX counterparts have
been compared with the evolutionary tracks of massive
donors on the CM diagram. We find that the counterparts 2,
3 and 4 of NGC 4559 X-7 are consistent only with donors of
10–15M⊙ undergoing a case B or C mass transfer episode.
The only possibility for objects 5 and 8 is a very massive
(∼ 50M⊙) MS donor or a H-shell burning donor with mass
between 10-15 and 30M⊙. Finally, object 1 is compatible
only with a very massive (M >∼ 50M⊙) donor in a H-shell
burning phase. Our results are quite different with respect
to what obtained in previous analysis. Soria et al. (2005)
compared theoretical evolutionary tracks of single stars be-
tween 9 and 25M⊙ with the position in the CM diagram of
the counterparts of NGC4559 X-7. They find that the col-
ors and luminosity of six out of seven stars are consistent
with the tracks of main sequence, blue or red supergiant
with masses in the range 10-15 M⊙ and ages ∼ 20 Myr.
Their favored counterpart, object 1, was identified with a
main sequence or blue supergiant of ∼ 20M⊙ and an age of
∼ 10 Myr, although Soria et al. (2005) recognize that X-ray
irradiation may affect its colors and hence its classification.
Irradiation effects were taken into account by Copperwheat
et al. (2007), giving a donor mass of 5-20M⊙ for object 1. In
their work, however, Copperwheat et al. (2007) considered
irradiation on single stars and did not take into account the
effects of the markedly different evolution of a donor star in
a binary system.
As far as NGC1313 X-2 is concerned, we definitely rule
out the candidate counterpart C2 and identify C1 as a H-
shell burning donor of 10M⊙ <M<15M⊙ around a stellar
mass black hole or a <∼15M⊙ donor undergoing RLOF dur-
ing MS (or the H-shell burning phase) in an IMBH binary
system. On statistical grounds alone, it is then more likely
that NGC1313 X-2 hosts a ∼ 100M⊙ BH rather than a stel-
lar mass BH as the H-shell burning phase is much shorter
than the MS phase. Our result for object C2 leaves only C1
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Figure 7. Mass transfer rate of 10, 15, 30 and 50M⊙ donors
around a 10 M⊙ stellar BH (upper panel) and 100M⊙ IMBH
(bottom panel) undergoing a case A mass transfer. The mean
mass transfer rate required to produce the X-ray luminosities re-
ported in Table 1 is indicated with a dotted (NGC1313 X-2) dot-
dashed (M81 X-9), long dashed (Holmberg II) and short dashed
(NGC4559 X-7) line. The adopted efficiency of conversion of grav-
itational potential energy into radiation is η = 0.1.
as the likely counterpart of NGC 1313 X-2, in agreement
with the evidence coming from the refined X-ray astrome-
try of the field recently reported by Liu et al. (2007). On
the basis of single star isochrone fitting of the parent stel-
lar population, Pakull, Grise´ & Motch (2006) and Ramsey
et al. (2006) estimate a maximum MS mass of 8–9M⊙ for
object C1. Liu et al. (2007) find consistency with either a
∼ 8M⊙ star of very low metallicity or an O spectral type, so-
lar metellicity star of ∼ 30M⊙. Our estimated range of donor
masses for object C1 appears more in agreement with the
value (10-18M⊙) reported by Mucciarelli et al. (2007), prob-
ably because they also included the contribution of the disc
and irradiation effects. In Holmberg II X-1 there are several
possibilities, and we can only rule out stars with M<10M⊙
(Copperwheat et al. 2007 give a lower bound of 5M⊙), while
for M81 X-9 we are left with the unique possibility that the
donor is a ∼ 10M⊙ star in the H-shell burning phase.
We conclude therefore that in all previous work where
the binary evolution and/or irradiation effects ware not
taken into account, the donor mass has been systematically
overestimated. We find that mass transfer occurring at late
stages is very unlikely, not only for the short timescale of
the contact phase (103–105yrs) but also for the incompati-
bility of the optical colors with the majority of the observed
counterparts. If mass transfer sets in during MS, two contact
phases occur (segments A–B and C–D). The mass transfer
timescales are tA−B ∼ 10
6−107 yrs and tC−D ∼ 10
3−105 yrs
(depending on the donor mass). Therefore assuming a flat
distribution of periods between 1 and ∼10 days, as during
MS the contact phase is reached for Porb <∼ 2days, we ex-
pect a factor ∼ 10
2
×
tA−B
tC−D
≃ 500–5000 more main sequence
systems than H-shell burning donors.
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